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Abstract 

The  U.S.  Army  must  maintain  hundreds  of  thousands  of  acres  as  firing 
ranges  for  soldiers’  mission  readiness.  The  Army  also  is  required  to  moni¬ 
tor  and  remediate  environmental  contaminants  from  training  activities 
that  are  conducted  on  those  ranges  as  a  part  of  AR  350-19,  the  Sustainable 
Ranges  Program.  Climate  changes  are  likely  to  cause  an  increase  in  the  fre¬ 
quency  and  intensity  of  temperature  and  precipitation  anomalies,  and 
there  are  likely  to  be  related  impacts  to  the  contaminants  that  accumulate 
in  firing  ranges.  Range  managers  need  a  tool  to  adopt  appropriate  remedi¬ 
ation  strategies  in  the  face  of  these  changes.  The  Risk  and  Decision  Science 
Group  of  the  Engineering  Research  and  Development  Center’s  Environ¬ 
mental  Laboratory  developed  a  climate  and  range  evaluation  spreadsheet 
tool  (Climate_Change_Range.xlsx)  to  evaluate  a  suite  of  contaminant 
management  alternatives  for  military  firing  ranges,  based  on  remediation 
cost  and  duration.  This  instructional  document  was  subsequently  devel¬ 
oped  to  accompany  that  tool.  Army  range  managers  can  now  use  the  tool 
and  this  instructional  guide  as  an  aid  to  long-term  range  planning  in  the 
face  of  climate  changes. 


DISCLAIMER:  The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  or  promotional  purposes.  Ci¬ 
tation  of  trade  names  does  not  constitute  an  official  endorsement  or  approval  of  the  use  of  such  commercial  products. 
All  product  names  and  trademarks  cited  are  the  property  of  their  respective  owners.  The  findings  of  this  report  are  not  to 
be  construed  as  an  official  Department  of  the  Army  position  unless  so  designated  by  other  authorized  documents. 

DESTROY  THIS  REPORT  WHEN  NO  LONGER  NEEDED.  DO  NOT  RETURN  IT  TO  THE  ORIGINATOR. 
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1  Introduction 

1.1  Background 

Executive  Order  (EO)  13514,  “Federal  Leadership  in  Environmental,  En¬ 
ergy,  and  Economic  Performance”  (White  House  2009)  declares  that  all 
federal  departments  and  agencies  are  required  to  evaluate  climate  change 
risks  and  vulnerabilities,  to  manage  the  short-  and  long-term  effects  of  cli¬ 
mate  change  on  the  agency’s  mission  and  operations,  and  to  include  an  ad¬ 
aptation  planning  document  as  an  appendix  to  each  department  or 
agency’s  annual  Strategic  Sustainability  Performance  Plan  (SSPP).  EO 
13653,  “Preparing  the  United  States  for  the  Impacts  of  Climate  Change” 
(White  House  2013)  went  further  by  including  the  following  language: 

each  agency  shall  develop  or  continue  to  develop,  implement,  and  update 
comprehensive  plans  that  integrate  consideration  of  climate  change  into 
agency  operations  and  overall  mission  objectives  and  submit  those  plans 
to  CEQ  (Council  on  Environmental  Quality)  and  OMB  (Office  of  Manage¬ 
ment  and  Budget)  for  review. 

The  Department  of  Defense  (DoD)  recognizes  the  need  for  a  strategic  ap¬ 
proach  to  the  challenges  posed  by  global  climate  change,  including  poten¬ 
tial  impacts  to  missions,  built  infrastructure,  and  natural  resources  on 
DoD  installations.  EOs,  the  Council  on  Environmental  Quality  (CEQ),  and 
the  Climate  Change  Adaptation  Work  Force  prompted  DoD  elements  to 
enact  climate  change  policy  guidance.  For  the  DoD,  this  guidance  was  re¬ 
flected  in  its  2010  Quadrennial  Defense  Review  (QDR),  which  required 
that  climate  change  be  taken  seriously  and  directly  considered  in  long¬ 
term  Army  planning.  The  QDR,  the  principal  means  by  which  the  National 
Military  Strategy  (NMS)  is  translated  into  new  policies  and  initiatives, 
states  that  “The  Department  must  complete  a  comprehensive  assessment 
of  all  installations  to  assess  the  potential  impacts  of  climate  change  on  its 
missions  and  adapt  as  required”  (DoD  2010a). 

To  address  the  QDR’s  call  for  assessment  of  climate  change  impacts,  the 
DoD’s  SSPP  (DoD  2010b)  defined  the  need  to  integrate  climate  change 
considerations  into  existing  processes  by  using  robust  decision-making  ap¬ 
proaches  based  on  the  best  available  science.  In  the  Department  of  De¬ 
fense  2014  Climate  Change  Adaptation  Roadmap,  the  Army  recognized 
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that  climate  change  interacts  with  stressors  that  it  already  considers  and 
manages  (DoD  2014).  In  the  2013  Report  to  Congress  on  Sustainable 
Ranges  (DoD  2013),  the  Army  reported  progress  toward  fulfilling  this  pol¬ 
icy.  The  Army’s  approach  is  to  integrate  climate  change  issues  into  existing 
processes  instead  of  considering  climate  change  as  a  separate  decision¬ 
making  process.  The  DoD  also  intends  to  fully  integrate  climate  change 
considerations  into  its  extant  policies,  planning,  practices,  and  programs. 
This  integration  was  described  in  the  Department  of  Defense  2014  Climate 
Change  Adaptation  Roadmap,  which  refers  to  DoD’s  deep  experience  in 
planning  for  uncertain  futures  and  directs  the  DoD  Senior  Sustainability 
Council  (SSC)  to  establish  policies  and  guidance  for  conducting  consistent 
climate  change  vulnerability  assessments  across  all  DoD  components 
(DoD  2014).  In  addition,  The  President’s  Climate  Action  Plan  reempha¬ 
sized  the  development  of  tools  for  more  effective  climate-relevant  decision 
making  (Executive  Office  2013). 

The  Office  of  the  Assistant  Secretary  of  the  Army  for  Installations,  Energy, 
and  Environment  (OASA[IE&E])  has  the  lead  responsibility  for  integrating 
climate  change  into  Army  planning  processes.  This  responsibility  is  docu¬ 
mented  in  the  Army  Campaign  Plan  (U.S.  Army  2011)  as  Objective  2-7 
“Adapt/Execute  Climate  Strategies.”  In  FY12,  OASA(IE&E)  tasked  the  U.S. 
Army  Engineer  Research  and  Development  Center  (ERDC)  with  develop¬ 
ing  an  adaptation  planning  framework  that  is  consistent  with  CEQ  and  the 
goals  of  the  Department  of  Defense  2014  Climate  Change  Adaptation 
Roadmap  to  integrate  climate  change  planning  in  existing  Army  installa¬ 
tion  planning  processes.  ERDC’s  efforts  considered  five  major  Army  instal¬ 
lation  planning  processes  including  the  following:  Installation  Strategic 
Plan,  Installation  Master  Plan,  Installation  Range  Complex  Master  Plan, 
Installation  Integrated  Natural  Resource  Management  Plan  (INRMP),  and 
Installation  Critical  Infrastructure  Risk  Management  Plan  (ICRMP).  This 
effort  did  not  address  Army  enterprise  planning  processes  including  the 
Base  Closure  and  Realignment  Commission  (BRAC),  stationing  decisions, 
and  acquisitions.  The  Army  currently  lacks  approaches  and  tools  to  incor¬ 
porate  climate  change  into  these  types  of  enterprise-wide  decision  pro¬ 
cesses.  This  work  addresses  that  deficiency. 

The  Army  requirement  to  consider  the  impact  of  climate  on  long-term  en¬ 
terprise-scale  basing  and  stationing  decisions  directly  results  from  the  fact 
that  weather  is  inherently  intertwined  with  the  Army’s  ability  to  success- 
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fully  complete  required  training  and  testing  missions,  and  to  perform  op¬ 
eration  and  maintenance  (O&M)  of  both  built  and  natural  infrastructure. 
Future  weather,  as  affected  by  climate  change,  will  change  in  short-,  mid-, 
and  long-term  time  scales.  Thus,  future  weather  changes  will  be  reflected 
not  only  in  long-term  trends,  but  also  in  the  variability  and  frequency  of 
extreme  weather  events.  There  is  a  need  to  support  the  planning  decision 
process  and  its  associated  assessments  of  enterprise  systems  and  installa¬ 
tion  functions  with  regard  to  their  vulnerabilities  to  future  weather  im¬ 
pacts. 

Movement  of  contaminants  from  live-fire  training  activities  is  strongly  in¬ 
fluenced  by  variable  soil  properties  and  moisture  content.  These  contami¬ 
nants  need  to  be  remediated  appropriately  to  comply  with  environmental 
regulations,  including  Army  Regulation  (AR)  350-19,  the  Army  Sustaina¬ 
ble  Ranges  Program  (U.S.  Army  2005).  Climate  change  is  causing  an  in¬ 
crease  in  the  frequency  and  intensity  of  temperature  and  precipitation 
anomalies  across  the  United  States  and  the  world.  These  changes  in  mete¬ 
orological  conditions  will  likely  lead  to  changes  in  the  fate  and  transport  of 
contaminants  on  military  firing  ranges  (Pichtel  2012).  Of  importance  to 
range  managers  is  the  cost  of  remediating  or  removing  contaminated  soil, 
particularly  the  variation  in  cost  due  to  uncertain  future  climates.  These 
cost  variations  manifest  from  the  differing  management  strategies,  reme¬ 
diation  efficiencies,  remediation  durations,  and  required  frequency  of 
management  action. 

1.2  Objective 

Comparing  the  costs  associated  with  alternative  courses  of  action  for 
maintaining  military  capacity  under  climate  change  is  a  critical  factor  in 
mission-based  military  decision  making.  The  clean-up  costs  associated 
with  climate  effects  could  be  incurred  in  two  ways.  First,  a  more  expensive 
regime  of  best  management  practices  (BMPs)  may  be  selected  as  a  result 
of  climate-induced  impacts.  Second,  range  closure  costs  with  associated 
environmental  remediation  may  be  incurred  if  training  infrastructure  is 
moved  due  to  climate  impacts. 

The  objective  of  developing  the  Firing  Range  Contaminants  and  Climate 
Change  spreadsheet  was  to  provide  a  tool  that  can  help  assess  the  cost  of 
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range  management  strategies  for  various  potential  climate  futures.* 

Within  this  tool,  firing  range  managers  will  utilize  inputs  from  soil  remedi¬ 
ation  experts,  climatologists,  and  fate  and  transport  modelers  to  execute 
the  spreadsheet  calculations.  The  results  are  intended  to  inform  decisions 
about  range  cleanup  by  visualizing  temporal  distribution  of  costs  under 
different  climate  futures. 

1.3  Methodology 

Inputs  to  the  spreadsheet’s  development  are  range  characteristics,  man¬ 
agement  alternative  cost  and  time  estimates,  and  expected  contaminant 
concentrations  in  the  soil.  The  cost  incurred  from  developing  (or  redevel¬ 
oping)  a  capacity,  the  costs  associated  with  closing  and  remediating  the 
current  facility,  and  the  transition  costs  should  be  specified.  These  three 
specific  costs  should  be  researched  and  used  as  inputs.  The  model  then 
uses  these  inputs  to  calculate  and  visualize  the  potential  loss  of  range 
availability  and  the  potential  costs  of  remediation.  Results  from  the  evalu¬ 
ation  tool  include  net  present  value  (NPV)  of  adopting  each  management 
alternative  for  each  climate  scenario,  as  well  as  contaminant  management 
cost  during  each  year  of  operation.  Uncertainty  is  built  into  the  model  in 
the  form  of  NPV  error  estimation,  and  the  model  accounts  for  the  confi¬ 
dence  of  expected  contaminant  concentration  and  climate  projections. 

1.4  Scope 

This  tool  was  designed  to  serve  the  needs  of  multiple  types  of  users,  as 
listed  below: 

•  Range  managers  have  a  direct  stake  in  the  cost  of  implementing  sedi¬ 
ment  remediation  and  removal  strategies,  and  they  can  use  this  tool  to 
justify  a  choice  or  change  to  the  range  remediation  plan. 

•  Remediation  specialists  can  benefit  from  using  this  tool  to  better  con¬ 
vey  the  costs  of  remediation  to  range  managers,  which  can  lead  to  fu¬ 
ture  business  development. 

•  Scientific  community  members  can  use  this  tool  to  better  understand 
the  impacts  of  climate  change  on  contaminants  in  firing  ranges. 


*  The  spreadsheet  tool  is  available  for  download  at  http://dx.doi.org/10.21079/11681/24336.  This  per¬ 
manent  link  is  a  service  of  ERDC  Library's  Knowledge  Core. 
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2  Spreadsheet  Tool  Design  and  Use 

As  stated  in  Section  1.2,  the  Firing  Range  Contaminants  and  Climate 
Change  spreadsheet  was  developed  as  a  tool  to  help  assess  the  cost  of 
range  management  strategies  for  various  potential  climate  futures.*  The 
subsections  of  this  chapter  give  instructions  for  using  that  spreadsheet 
tool. 

2.1  “Instructions”  tab 

The  first  tab  of  the  spreadsheet  contains  two  objects:  (1)  the  user  instruc¬ 
tions  (as  described  below)  and  (2)  a  PowerPoint  presentation  of  examples. 
When  using  the  spreadsheet,  double  click  on  the  items  to  gain  access. 

2.2  “Cleanup”  tab 

The  “Cleanup”  tab  of  the  spreadsheet  contains  inputs  and  calculations  re¬ 
lated  to  the  cost  of  performing  remediation  or  the  removal  of  contami¬ 
nated  range  soils.  At  the  top  of  this  tab  is  a  user  input  cell  (marked  by 
yellow)  for  “Cleanup  Soil  Mass”  (Figure  1).  This  mass  should  be  estimated 
by  a  remediation  professional  familiar  with  the  firing  range  to  be  consid¬ 
ered.  Also  at  the  top  of  this  tab  is  a  user  input  cell  for  “Cost  per  Training 
Day  Lost”— the  net  cost  associated  with  not  operating  the  range  for  a  single 
day.  This  cost  may  include  the  cost  of  sending  soldiers  to  another  installa¬ 
tion  for  training  or  to  an  alternative  training  range.  To  have  this  cell’s  in¬ 
put  equal  the  net  cost,  the  range’s  normal  operational  cost  (that  is  being 
saved  by  not  training)  should  be  subtracted  from  the  cost  incurred  by  not 
training  on  the  normal  range).  This  net  cost  should  be  estimated  or  calcu¬ 
lated  by  the  range  manager.  Figure  1  shows  an  example  of  the  “Cleanup” 
tab,  including  all  user  inputs. 


*  The  spreadsheet  tool  is  available  for  download  at  http://dx.doi.org/10.21079/11681/24336.  This  per¬ 
manent  link  is  a  service  of  ERDC  Library's  Knowledge  Core. 
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Figure  1.  Example  of  the  “Cleanup”  tab  in  Climate_Change_Range.xlsx.  The  bright 
yellow  cells  represent  user  inputs  that  can  vary,  depending  on  the  specific  range. 
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2.2.1  “Management  Action”  column 

The  first  column  in  this  tab  is  the  “Management  Action”  column,  below 
which  is  listed  each  strategy  to  be  considered  for  management  action. 
These  potential  management  actions  should  be  elicited  from  remediation 
experts  and  provided  as  options  from  which  range  managers  can  choose 
(USEPA  [U.S.  Environmental  Protection  Agency]  2005).  Only  the  manage¬ 
ment  strategies  in  rows  with  populated  yellow  cells  will  be  evaluated  by  the 
spreadsheet  tool.  The  tool  is  pre-populated  with  five  management  actions 
commonly  considered  in  range  remediation.  However,  those  options  can 
be  renamed  and  repopulated,  or  additional  management  strategies  can  be 
added. 

2.2.2  “Threshold”  column 

The  “Threshold”  column  holds  values  of  the  contaminant  concentration  in 
the  soil  for  which  remediation  is  required.  In  some  cases,  this  concentra¬ 
tion  may  be  a  single  value  that  is  specified  through  environmental  regula¬ 
tions  (e.g.,  Figure  1).  This  threshold  may  vary  from  installation  to 
installation  depending  on  the  specified  contaminant,  state  regulations, 
proximity  to  groundwater,  nearby  wildlife,  etc.  Range  managers  and  reme¬ 
diation  specialists  should  be  familiar  with  this  value  or  set  of  values 
(USEPA  2005).  If  the  value  is  unknown,  however,  users  should  consult  a 
local  environmental  compliance  agency. 
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2.2.3  “Target”  column 

The  “Target”  column  specifies  the  contaminant  concentration  in  the  soil 
that  results  from  a  one-time  implementation  of  each  remediation/man¬ 
agement  action.  These  values  are  likely  to  vary  between  management  ac¬ 
tions  and  contaminants  of  interest.  For  example,  off-site  landfilling  of  soil 
may  require  removal  of  all  contaminated  soil  from  the  range,  leaving  a  tar¬ 
get  contaminant  concentration  of  o  mg/kg  soil.  In  contrast,  screening  the 
soil  for  larger  solid  particles  may  remove  only  75%  of  the  contaminant  by 
mass.  The  values  in  this  column  should  be  included  in  any  work  estimates 
from  remediation  specialists  (USEPA  2005).  One  exception  to  this  remedi¬ 
ation  specialist  elicitation  is  the  “Natural  Recovery”  row.  In  this  row,  the 
target  concentration  would  depend  on:  (a)  the  initial  conditions,  (b)  the 
hydrogeological  properties  of  the  range,  and  (c)  the  duration  of  recovery. 
The  combinations  of  “Treatment  Duration”  and  “Target”  for  natural  recov¬ 
ery  in  a  specific  range  can  be  found  by  using  fate  and  transport  models, 
such  as  the  MODFLOW*  produced  by  the  United  States  Geological  Service 
(USGS)  or  HYDRUS  2D/3D+  produced  by  PC-Progress.  Further  detail 
about  fate  and  transport  finite-difference  models  is  provided  in  Section 
3. 2. 1.2. 2. 

2.2.4  “Cost  per  ton  of  Soil”  column 

The  “Cost  per  ton  of  Soil”  column  is  populated  by  the  user  based  on  esti¬ 
mates  from  remediation  specialists.  These  values  will  vary  based  on  range 
properties,  contaminant  of  interest,  and  the  agency  or  company  perform¬ 
ing  the  remediation  (Dermatas  et  al.  2006).  The  cost  per  ton  of  soil  should 
include  the  total  cost,  including  labor,  equipment,  disposal,  transporta¬ 
tion,  etc.  In  the  absence  of  direct  input  from  remediation  experts,  these 
values  can  be  estimated  by  range  managers,  based  on  previous  remedia¬ 
tion/removal  actions  at  similar  ranges. 


*  USGS's  modular  hydrodynamic  model  available  for  download  from  https://water.usgs.gov/ogw/mod- 
flow/  supporting  groundwater/surface-water  systems,  solute  transport,  variable-density  flow  (including 
saltwater),  aquifer-system  compaction  and  land  subsidence,  and  parameter  estimation. 

t  Commercial  software  package  for  modeling  water,  heat,  and  solute  movement  in  two-  and  three-dimen¬ 
sional  variably  saturated  media.  Package  information  available  at:  https://www.pc-pro- 
gress.com/en/Default.aspx?hydrus-3d. 


ERDC  SR-17-4 


8 


2.2.5  “Treatment  Duration”  column 

The  “Treatment  Duration”  column  includes  estimates  for  how  many  days 
the  range  will  be  closed  due  to  remediation  or  removal  of  soils.  This  is  used 
to  calculate  the  cost  to  the  range  due  to  lost  training  days.  This  column  is 
used  in  conjunction  with  the  “Cost  per  Training  Day  Lost”  value,  and  the 
cost  may  be  associated  with  sending  soldiers  to  other  locations  to  train. 

The  “Remediation/Rebuilding  One  Time  Cost”  column  is  calculated  based 
on  the  cost  of  management  action  and  the  cost  due  to  non-operation.  This 
column  requires  no  user  inputs,  and  is  used  in  the  “Impacts”  tab.  These 
costs  are  the  total  costs  that  the  range  incurs  each  time  the  remedia¬ 
tion/removal  management  action  is  taken. 

2.3  “Impacts”  tab 

This  tab  includes  both  inputs  to  and  primary  results  from  the  spreadsheet 
tool. 

2.3.1  Inputs 

The  first  input  cell  is  the  “Rate  of  Return,”  which  is  a  percentage  that  de¬ 
scribes  the  annual  discount  rate.  This  value  is  used  to  calculate  the  NPV, 
and  it  should  be  chosen  by  range  managers.  Figure  2  shows  the  location  of 
this  input,  and  also  a  subset  of  the  other  inputs  in  the  spreadsheet’s  “Im¬ 
pacts”  tab. 
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Figure  2.  Example  of  the  “Impacts”  tab  in  Climate_Change_Range.xlsx.  Yellow  cells 
are  user  inputs.  Note  that  the  dataset  that  is  cut  off  on  the  right  side  of  the  figure 
indicates  that  more  than  one  climate  scenario  is  being  assessed. 
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2. 3. 1.1  “ Years  since  Present”  column 

At  the  far  left  of  this  tab  is  the  “Years  since  Present”  column.  In  this  col¬ 
umn,  the  user  will  input  the  operation  period  (in  years  or  another  time 
unit)  for  which  the  tool  will  be  assessing  the  range  operation.  This  tem¬ 
poral  discretization  should  not  be  finer  than  the  temporal  discretization  in 
the  climate  model  used  to  estimate  the  “No  Action”  contaminant  concen¬ 
tration  described  below. 


2.3. 1.2  “Concentrations  for  Climate  Scenario  1” section’s  data 

The  “Concentrations  for  Climate  Scenario  l”  data  table  (seen  in  Figure  2) 
holds  the  contaminant  concentration  information  for  a  given  range  loca¬ 
tion  and  for  the  various  management  strategies  detailed  in  the  “Cleanup” 
tab  (Section  2.2).  Users  should  ensure  that  there  is  one  of  these  data  tables 
for  each  of  the  climate  scenarios  being  compared. 

2. 3. 1.2.1  “No  Action”  column 

On  the  left  side  of  this  table  is  the  “No  Action”  column,  which  requires  user 
inputs.  These  inputs  are  a  time  series  of  expected  contaminant  concentra- 
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tions  in  the  rage  given  no  remediation  action  is  taken  over  the  selected  op¬ 
eration  period.  To  populate  this  column,  the  user  (or  a  hydrogeologist) 
would  use  a  fate  and  transport  model  to  simulate  the  movement  of  con¬ 
taminants  from  bullets  and  shot  on  the  surface  of  the  range  into  the  under¬ 
lying  soil  (Simunek  et  al.  2012;  Harbaugh  2013).  As  previously  mentioned, 
MODFLOW  and  HYDRUS  2D/3D  are  examples  of  finite-difference  fate 
and  transport  models  (Simunek  et  al.  2012;  Harbaugh  2013).  Figure  3 
shows  an  example  of  MODFLOW  being  used  to  simulate  subsurface  con¬ 
taminant  transport. 

Figure  3.  Example  of  contamination  concentration  modeling  in  HYDRUS. 

This  figure  was  taken  from  the  PC-  Progress  website  at: 
http://www.groundwatersoftware.com/hydrus.htm. 


2. 3. 1.2. 2  Discussion  of  fate  and  transport  model  inputs 

Inputs  to  fate  and  transport  models  include  physical  range  properties 
(size,  porosity,  hydraulic  conductivity,  volumetric  water  content,  etc.),  op¬ 
erational  aspects  such  as  the  flux  of  contaminant  to  the  soil  surface  from 
weapons  discharge  and  surficial  removal  of  solid  contaminants,  and  envi¬ 
ronmental  parameters  (e.g.,  temperature  and  infiltration).  Other  inputs 
are  the  temporal  specifications  (i.e.,  over  how  many  months/years  should 
the  model  operate  and  in  what  intervals  are  results  calculated). 

The  different  climate  scenarios  impact  the  results  of  fate  and  transport 
models  primarily  by  varying  environmental  parameters.  Generally,  a 
warmer  and  wetter  climate  will  result  in  a  greater  flux  of  contaminants 
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from  the  soil  surface  to  the  underlying  soil  column  (Dermatas  et  al.  2006). 
This  is  because  a  warmer  climate  yields  warmer  soil  water,  which  contrib¬ 
utes  to  a  greater  hydraulic  conductivity  and  increased  infiltration  of  con¬ 
taminated  surface  water  (Whitacre,  Ware,  and  Gunther  2008). 
Additionally,  both  dissolution  and  sorption  increase  with  higher  tempera¬ 
tures,  causing  a  greater  flux  of  contaminants  from  the  surface  solids  to  the 
soil  column  (Whitacre,  Ware,  and  Gunther  2008).  One  notable  exception 
to  this  relationship  is  for  steeply  sloped  ranges,  on  which  an  increase  in 
precipitation  may  result  in  a  greater  surface  flux  of  contaminants  off  the 
range  towards  a  lower  elevation. 


Among  the  outputs  of  the  fate  and  transport  models  are  time  series  of  con¬ 
taminant  concentration  at  specified  points  in  the  domain.  The  domain  in 
this  case  would  be  the  affected  volume  of  soil  in  the  firing  range.  The  time 
series  of  expected  contaminant  concentration  would  serve  as  inputs  to  the 
“No  Action”  column  in  the  “Impacts”  tab.  The  uncertainty  in  the  contami¬ 
nant  load  time  series  can  be  estimated  using  the  distributions  of  climate 
projections  for  each  climate  scenario  (IPCC  Working  Group  1  2013).  The 
contaminant  fate  and  transport  models  can  be  executed  using  a  range  of 
climate  inputs  to  yield  a  range  of  concentration  time  series  (Harbaugh  et 
al.  2013).  An  example  of  a  contaminant  concentration  time  series  pro¬ 
duced  by  MODFLOW  is  shown  in  Figure  4. 


Figure  4.  Simulated  nitrate  concentrations  in  the  Kurataur  river  basin.  (This  figure 
was  simulated  using  MODFLOW  in  Gusyev  et  al.  2015. 
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The  highlighted  cells  in  the  main  part  of  the  “Concentration  for  Climate 
Scenario  X”  data  tables  are  calculated  based  on  the  “No  Action”  column  in 
the  same  tab,  and  the  “Threshold”  and  “Target”  columns  in  the  “Cleanup” 
tab.  The  increase  in  concentration  in  the  light  blue  cells  matches  the  in¬ 
crease  in  concentration  in  the  “No  Action”  column.  This  assumes  a  zero- 
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order  increase  (i.e.,  the  increase  in  contaminant  concentration  is  inde¬ 
pendent  of  current  concentration),  which  is  a  common  assumption  in 
these  models  for  lead  and  other  contaminants  such  as  RDX,  TNT,  and  2,4- 
DNT  (Brannon  and  Pennington  2002;  Ho  2006;  Whitacre,  Ware,  and 
Gunther  2007).  This  assumption  should  be  replicated  in  the  fate  and 
transport  model  by  specifying  a  linear  sorption  isotherm.  If  a  contaminant 
concentration  exceeds  the  threshold  concentration  for  a  management 
strategy,  the  spreadsheet  tool  lowers  the  concentration  to  the  associated 
target  and  the  range  incurs  the  management  action  cost. 

2.3. 1.3  “Error”  and  “Likelihood  of  Occurrence”  cells 

Other  input  cells  in  this  tab  include  “Error”  and  “Likelihood  of  Occur¬ 
rence.”  The  error  cell  is  the  percentage  error  of  the  no  action  contaminant 
concentration  time  series.  This  error  includes  the  error  associated  with  the 
climate  scenario  and  can  be  found  within  the  climate  model,  or  it  can  be 
estimated  by  executing  regional  circulation  models  with  inputs  described 
by  probability  distributions  (IPCC  [Intergovernmental  Panel  on  Climate 
Change]  Working  Group  1  2013).  Depending  on  the  model  used  to  gener¬ 
ate  the  expected  contaminant  concentration  time  series,  the  error  might 
take  the  form  of  a  probability  distribution.  The  spreadsheet  tool  could  be 
reconfigured  to  accept  distributions  instead  of  a  percentage  error,  if  the 
user  chooses.  If  the  distributions  were  normal,  no  simulations  (e.g.,  Monte 
Carlo)  would  be  required  and  the  resulting  cost  estimates  would  also  fol¬ 
low  a  normal  distribution.  If  the  contaminant  concentrations  followed  an¬ 
other  probability  distribution  (e.g.,  lognormal,  exponential,  triangular), 
simulations  could  be  built  into  the  spreadsheet  tool  in  the  form  of  a  macro 
or  an  add-in  from  external  software  (e.g.,  R*). 

The  Likelihood  of  Occurrence  cell’s  input  is  the  probability  that  each  cli¬ 
mate  scenario  will  occur.  The  sum  of  all  of  these  likelihoods  should  equal  1 
when  assessing  all  suggested  climate  models.  If  not  all  climate  scenarios 
are  being  assessed,  or  if  likelihoods  of  scenario  occurrences  are  unknown, 
equal  weights  should  be  assigned  for  all  evaluated  climate  scenarios. 


*R  is  an  open-source  programming  language  aimed  at  statistical  computing.  The  platform  can  be  ac¬ 
cessed  at:  https://www.r-project.org/. 
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2.3.2  Results 

The  graphical  results  of  the  spreadsheet  tool  are  provided  within  the  “Im¬ 
pacts”  tab  and  below  the  “Concentration  for  Climate  Scenario”  data  tables. 
These  results  are  presented  in  three  ways:  (l)  NPV  by  Climate  Scenario 
and  Management  Action,  (2)  Expected  Value  of  Management  Actions,  and 
(3)  Cost  per  Year  for  each  Climate  Scenario  (Figure  5).  NPV  by  Climate 
Scenario  and  Management  Action  shows  a  cost  comparison  between  dif¬ 
ferent  management  strategies  for  remediating/removing  contaminated 
soils  under  each  of  the  assessed  climate  scenarios  using  the  discount  rate 
input  by  the  user.  Range  managers  may  use  this  graph  to  choose  a  primary 
management  strategy  for  the  range.  Managers  may  also  use  this  graph  to 
determine  if  climate  change  is  expected  to  significantly  change  the  future 
costs  of  remediation.  For  example,  the  similarity  of  results  between  Cli¬ 
mate  Scenarios  2  and  3  in  Figure  5a  may  result  in  unaltered  management 
strategies.  Expected  Value  of  Management  Actions  (Figure  5b)  shows  a 
comparison  of  management  strategies,  based  on  the  distributed  probabili¬ 
ties  across  climate  scenarios.  The  expected  value  utilizes  the  “Likelihood 
of  Occurrence”  provided  for  each  assessed  climate  scenario.  This  is  useful 
in  choosing  a  management  strategy  considering  multiple  future  climates. 
The  Climate  Scenario  Costs  per  Year  (Figure  4c-Figure  4e)  provide  infor¬ 
mation  about  when  remediation/removal  of  contaminated  sediments  is 
expected  to  occur.  This  information  is  particularly  useful  when  planning 
for  temporally  incurring  costs.  For  example,  comparing  Climate  Scenarios 
2  and  3  in  Figure  5a  we  see  that  for  Off-site  Disposal,  Climate  Scenario  3  is 
expected  to  have  a  higher  NPV  over  the  20-year  assessment  period.  How¬ 
ever,  when  looking  at  Figure  5d  and  Figure  5e,  we  see  that  Climate  Sce¬ 
nario  2  is  expected  to  result  in  an  early  investment  (4  years  from  present) 
compared  to  Climate  Scenario  3  (11  years  from  present).  Range  managers 
may  take  this  into  account  if  there  are  other  building  or  construction  plans 
expected  for  the  range.  These  figures  are  also  important  in  considering 
that  the  visualization  has  an  arbitrary  cut-off  for  NPV  calculation  at  20 
years.  If  a  remediation  alternative  is  not  triggered  until  year  21,  the  NPV 
would  reflect  no  cost.  However,  the  actual  cost  would  be  based  on  the  nec¬ 
essary  process  and  the  frequency  at  which  it  needs  to  be  repeated. 
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Figure  5.  Results  of  the  Climate_Change_Range.xlsx  spreadsheet  tool.  All  results 
were  calculated  assuming  three  independent  climate  scenarios:  (a)  NPV  by  climate 
scenario  and  management  action,  (b)  NPV  for  weighted  climate  scenario,  and 
(c)-(e)  cost  per  year  for  each  climate  scenario. 
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2.3.3  Cost  at  time  of  implementation  and  NPV  data  tables 

Below  the  results  in  the  “Impacts”  tab,  there  are  tables  that  calculate  the 
cost  at  the  time  of  implementation  and  the  NPV.  Every  time  a  concentra¬ 
tion  of  contaminants  is  taken  from  the  threshold  to  the  target,  a  remedia¬ 
tion/removal  is  expected  to  have  occurred,  and  a  cost  is  applied.  This  is 
calculated  for  each  of  the  management  strategies  by  using  specifications 
from  the  “Cleanup”  tab.  The  NPV  data  table  converts  the  costs  at  time  of 
implementation  to  an  NPV  by  using  the  rate  of  return  specified  at  the  top 
of  the  “Impacts”  tab. 

2.3.4  Error  bar  calculations 

Error  bars  in  the  graphical  results  are  applied  by  executing  the  spread¬ 
sheet  tool  for  time  series  of  contaminant  concentrations  that  are  ±  %  Error 
specified  in  each  climate  scenario  data  table.  These  calculations  are  per¬ 
formed  and  stored  in  data  tables  hidden  below  the  existing  tables.  For  ex¬ 
ample,  by  expanding  rows  32-72  in  the  “Impacts”  tab,  the  error 
calculations  of  contaminant  concentration  are  revealed  (Figure  6).  There 
are  similar  hidden  tables  below  the  “Cost  at  time  of  implementation”  and 
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“NPV”  data  tables.  To  expand  the  assessment  time  used  the  in  the  tool,  the 
user  must  expand  the  visible  and  hidden  tables. 


Figure  6.  Excerpt  from  Climate_Change_Range.xlsx.  Note  that  the  bottom  table 
shown  in  this  figure  is  hidden  in  the  spreadsheet  and  should  be  accessed  if  the  user 
intends  to  alter  the  temporal  range  of  application. 
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3  Examples 

As  an  example  of  how  to  use  the  tool  and  the  insights  this  calculation  and 
visualization  may  provide,  several  examples  were  developed  as  explained 
below.  First,  a  base  case  with  several  climate  scenarios  has  been  imple¬ 
mented  to  show  the  tool’s  outputs.  A  second  example,  with  the  higher  con¬ 
taminate  load  needed  to  trigger  remediation  and  more  stringent  clean-up 
targets,  shows  the  frequency  of  treatment  and  the  NPV  changes.  The  third 
example  shows  how  the  decelerated  use,  reflected  in  lower  exponential  ad¬ 
dition  of  contaminant,  drives  the  NPV  for  different  alternative  treatment 
strategies. 

3.1  Base 

In  the  base  case,  thresholds  are  all  set  to  400  mg/kg  soil,  but  targets  vary 
depending  on  the  remediation  action  type  (see  Figure  1).  Costs  per  ton  of 
soil  also  vary,  yielding  a  range  of  one-time  remediation  costs  of  $312,600 
to  $3.01  million  for  the  considered  remediation  actions.  In  this  same  case, 
concentration  time  series  are  set  to  start  at  50  mg/kg  soil  for  each  of  the 
three  climate  scenarios  (see  Figure  2),  then  increase  linearly  to  1000 
mg/kg  soil  for  Scenario  1,  increase  linearly  to  2000  mg/kg  soil  for  Scenario 
2,  and  increase  exponentially  with  a  rate  constant  of  0.2  for  Scenario  3. 
This  yields  the  results  seen  in  Figure  5. 

3.2  Adjusted  thresholds  and  targets 

By  changing  the  thresholds  and  targets,  the  time  and  number  of  occasions 
when  remediation  action  is  required  can  be  altered.  Figure  7  shows  these 
changes.  These  changes  then  lead  to  change  in  the  cost  results.  In  particu¬ 
lar,  increasing  the  threshold  values  and  decreasing  the  target  values,  but 
keeping  the  treatment  duration  the  same,  will  lead  to  a  decrease  in  NPV 
and  in  the  cost  per  year  for  the  management  action. 

3.3  Adjusted  contaminant  time  series 

This  case  changes  the  time  series  of  contaminant  concentrations  expected 
for  Climate  Scenario  3.  The  time  series  starts  at  50  mg/kg  soil,  then  in¬ 
creases  exponentially  with  a  rate  constant  of  0.15  (instead  of  0.20  as  in  the 
base  case).  This  change  brings  the  NPV  very  close  to  equal  for  both  Sce¬ 
nario  1  and  Scenario  3  (Figure  8).  However,  Figure  8  shows  the  cost  per 
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year  is  incurred  earlier  in  Scenario  l,  due  to  the  exponential  nature  of  Sce¬ 
nario  3  and  the  linear  behavior  of  Scenario  l. 


Figure  7.  Example  inputs  from  Climate_Change_Range.xlsx.  Changes  to  thresholds 
and  targets  to  uniform  values  are  shown,  except  for  the  natural  recovery  target. 
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Figure  8.  Excerpt  from  Climate_Change_Range.xlsx.  Although  Climate  Scenarios  1 
and  3  both  begin  with  50  mg/kg  soil  and  end  with  ~1000  m&'kgsoil,  there  is  a 
difference  in  cost  per  year  and  NPV  due  to  the  temporal  behavior  of  the 
contaminant  concentration  inputs. 
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4  Summary  and  Recommendations 

4.1  Summary 

The  spreadsheet  tool  described  in  this  document  provides  a  means  for 
comparing  the  types,  timing,  and  costs  of  contaminant  remediation  strate¬ 
gies  for  firing  ranges  under  varying  climate  projections.  This  tool  allows 
the  user  to  examine  the  strategies  available  for  a  “status  quo”  situation  (no 
climate  change)  and  to  project  future  changes  in  climate  conditions  on  the 
situation.  This  comparison  between  current  and  future  situations  illus¬ 
trates  the  range  in  expected  costs  (given  the  range  of  expected  climate  sce¬ 
narios)  and  can  help  in  long-term  range  planning.  This  tool  can  also 
compare  remediation  strategies,  given  a  weighted  climate  scenario.  This 
capability  is  an  important  part  of  accounting  for  the  uncertainty  in  ex¬ 
pected  climate  scenarios.  By  utilizing  the  cost-per-year  results,  range  man¬ 
agers  can  make  remediation  decisions  based  on  time  of  implementation, 
as  well  as  NPV. 

4.2  Recommendations 

This  research  provides  decision  support,  and  the  collection  and  analysis  of 
range  use  and  remediation  information  to  support  planning  processes  for 
training,  national  and  regional  stationing,  and  base  realignment.  Its  use  is 
intended  to  support  long-range  goals  for  10-20  years  in  the  future,  while 
also  accounting  for  the  possible  future  consequences  of  climate  change.  Ef¬ 
fective  planning  is  critical  to  balancing  the  operational,  facility,  and  envi¬ 
ronmental  requirements  with  political  sensitivities  involved  in  developing 
new  training,  use,  and  stationing  decisions.  It  is  intended  that  the  tool  be 
used  by  Installation  Management  Command  and  Army  Environmental 
Command  on  a  case-by-case  basis  to  consider  long-range  planning  for 
training  and  range  use  at  installations. 

4.3  Model  location  and  point  of  contact 

This  model  for  risk  assessment  was  created  by  the  ERDC  Environmental 
Laboratory  (ERDC-EL),  specifically  the  Risk  and  Decision  Science  Team, 
which  is  seated  at  the  U.S.  Army  Corps  of  Engineers  (USACE),  New  Eng¬ 
land  District  Office  (NAE).  Questions  may  be  directed  to  the  Risk  and  De¬ 
cision  Science  Team  (696  Virginia  Road  Concord,  MA  01742-2718),  point 
of  contact  (POC):  Igor  Linkov  (Igor.Linkov@usace.army.mil). 
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Appendix:  Instructions  for  Using 
Climate_Change_Range.xlsx 

The  list  included  here  offers  a  description  of  user  inputs  to  the  spreadsheet 
in  more  detail  than  the  cell  labels  allow.  The  user  inputs  here  progress 
through  the  spreadsheet  tabs  from  front  to  back. 

Note:  Bright  yellow  cells  and  subsections  require  user  inputs 
1 .  Cleanup 

1.1.  Cleanup  Soil  Mass  (tons) 

1.1.1.  Input  the  mass  of  soil  on  the  range  that  is  to  be  remediated  or  re¬ 
moved. 

1.1.2.  This  could  be  altered  to  be  a  cleanup  volume  and  density,  or  an 
area,  depth,  and  density. 

1.2.  Cost  per  Training  Day  Lost 

1.2.1.  Input  the  costs  associated  with  not  operating  the  range  for  one  day. 

1.3.  Management  Action 

1.3.1.  Details  the  action  that  might  be  taken  to  address  contaminated  fir¬ 
ing  ranges. 

1.3.2.  Category  3:  Permanent  Closure  with  Rebuilding  —  includes  cost 
to  remediate  the  range  and  rebuild  at  another  location  (probably  not  a 
cost-effective  management  strategy  to  adopt  on  most  ranges). 

1.4.  Threshold 

1.4.1.  Input  the  level  of  contamination  at  which  management  action  is  re¬ 

quired  (we  use  units  of  [mg/kg  soil],  but  that  can  be  changed  to 
match  the  contaminant  load  units  given  on  tab  “Impacts”). 

1.5.  Target 

1.5.1.  Input  the  target  concentration  to  which  the  range  is  being  remedi¬ 
ated. 

1 .6.  Cost  per  Ton  of  Soil 

1.6.1.  Input  the  cost  per  ton  of  soil  to  complete  action. 
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1 .6.2.  This  cost  is  only  the  cost  of  remediation  (labor,  permitting,  equip¬ 
ment,  materials,  etc.)  and  does  not  include  cost  due  to  loss  of  opera¬ 
tion. 

1.7.  Treatment  Duration 

1.7.1.  Input  the  number  of  days  that  the  range  is  to  be  shut  down  due  to 

remediation. 

1 .7.2.  This  input  is  for  calculating  the  cost  to  the  range  due  to  lack  of  op¬ 
eration. 

1.8.  Remediation/Rebuilding  One  Time  Cost 

1.8.1.  This  is  the  calculated  cost  to  perform  the  associated  action  for  a 
single  time,  including  remediation  costs  and  cost  due  to  lack  of  oper¬ 
ation. 

2.  Impacts 

2.1.  Rate  of  Return  (or  Discount  Rate) 

2.1.1.  Input  the  rate  of  return  (%)  for  the  net  present  value  (NPV)  calcu¬ 
lation. 

2.2.  Concentrations  for  Scenarios 

2.2.1.  Input  the  No  Action  concentrations  of  contaminant  for  each  cli¬ 
mate  change  scenario. 

2.2.2.  This  is  a  time  series  of  the  contaminant  concentration  in  the  range, 
if  no  remediation  action  were  to  be  taken. 

2.2.3.  These  time  series  should  be  the  result  of  hydrological,  meteorolog¬ 
ical,  and  contaminant  fate  and  transport  modeling  for  each  climate 
change  scenario  being  evaluated. 

2.2.4.  Increases  in  concentrations  in  these  tables  are  calculated  based  on 
the  “No  Action”  time  series,  with  a  management  action  taken  when 
the  concentration  exceeds  the  threshold. 

2.2.5.  These  calculations  assume  that  accumulation  of  contaminants  in 
the  range  is  zero  order  (i.e.,  contaminants  accumulate  at  a  rate  inde¬ 
pendent  of  concentration);  could  be  confirmed/amended  with  further 
research. 
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2.3.  Error 

2.3.1.  Input  the  percent  error  estimated  for  the  No  Action  contaminant 

concentration  time  series. 

2.3.2.  This  could  be  changed  from  a  uniform  percentage  to  a  time-de- 
pendent  percentage  (e.g.,  over  the  next  5  years  the  concentrations 
have  a  95%  confidence  and  from  6-20  years  the  concentrations  have 
a  75%  confidence),  or  it  could  be  altered  to  accept  a  distribution  of 
expected  concentrations. 

2.4.  Likelihood  of  Occurrence 

2.4.1.  Input  the  percent  likelihood  for  each  climate  scenario  (the  likeli¬ 
hood  that  each  climate  scenario  will  occur  -  sum  of  all  scenario  like¬ 
lihood  equals  1). 

2.5.  NPV  by  Climate  Scenario  and  Management  Action 

2.5.1.  This  graph  gives  the  range  of  expected  NPVs  for  various  manage¬ 
ment  actions  and  climate  scenarios. 

2.5.2.  A  decision  maker  might  look  at  this  graph  and  learn  that  for  Cli¬ 
mate  Scenario  3,  Stabilization  with  Phosphate  Amendment  is  the 
least  expensive  management  strategy  to  adopt. 

2.5.3.  This  graph  pulls  data  from  the  Total  NPV  table  at  the  bottom  of  the 
sheet. 

2.5.4.  (+)  and  (-)  Error  rows  apply  error  bars.  These  error  bars  represent 
the  upper  and  lower  bounds  of  the  NPV,  given  that  the  No  Action 
contaminant  concentration  time  series  has  a  percent  error  specified  in 
Sec.  2c. 

2.6.  NPV  for  Weighted  Climate  Scenario 

2.6. 1 .  This  graph  is  the  weighed  sum  of  ‘NPV  by  Climate  Scenario  and 
Management  Action,’  using  the  likelihoods  provided  in  Section  2d. 

2.6.2.  This  graph  may  inform  decision  makers  about  which  management 
action  to  choose  without  specifying  a  single  climate  scenario. 

2.7.  Climate  Scenario  Cost  per  Year  Graphs 
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2.7.1.  These  graphs  show  the  cost  of  each  management  action,  at  the  time 
it  is  required.  This  is  given  in  “Years  Since  Present”  (i.e.,  years  into 
the  future) 

2.7.2.  This  provides  decision  makers  infonnation  about  when  manage¬ 
ment  strategies  need  to  be  implemented 

3.  Additional  Notes  and  Assumptions 

3.1.  Assume  that  each  firing  range  will  be  subjected  to  a  single  remediation 
methodology  throughout  the  modeling  period  (i.e.,  managers  will  choose 
which  methodology  is  best  over  time  for  each  range)  ##Notable  exception 
is  in  the  last  years  of  range  lifetime.  Manager  might  choose  a  cheaper  and 
less  effective  method  near  the  end  of  range  lifetime,  if  no  further  remedia¬ 
tion  required 

3.2.  Note  that  the  NPV  is  arbitrarily  dependent  on  the  ending  year  of  the  eval¬ 
uation  period.  For  example,  if  the  evaluation  period  ends  on  a  remediation 
year,  the  NPV  will  be  skewed  high.  Whereas  ending  on  the  year  before 
remediation  is  required  will  skew  the  NPV  low. 
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